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Deficiency of b1 integrins results in increased
myocardial dysfunction after myocardial infarction
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Objective: To study the role of b1 integrins in left ventricular (LV) remodelling after myocardial infarction
(MI).
Methods and results: LV structural and functional alterations were determined in wild-type (WT) and b1
integrin heterozygous knockout (hKO) mice one month after MI. MI increased b1 integrin expression in
both groups; however, the increase was lower in hKO. Infarct size was similar in WT and hKO mice,
whereas lung wet weight to dry weight ratio was increased in the hKO-MI mice (5.17 (SE 0.13) v 4.60
(0.15) in WT-MI, p , 0.01). LV end systolic and end diastolic diameters were significantly higher and
percentage fractional shortening was significantly lower in hKO-MI. The ratio of peak velocity of early LV
filling (E wave) to that of the late LV filling (A wave) and the isovolumic relaxation time (IVRT) were
increased in both MI groups but the increase in IVRT was significantly higher in hKO-MI group than in WT-
MI mice. Langendorff perfusion analysis indicated reduced peak LV developed pressure and increased LV
end diastolic pressure in both MI groups. The reduction in peak LV developed pressure (36.7 (2.2) v 53.4
(1.9) mm Hg, p , 0.05) and increase in LV end diastolic pressure was higher in hKO-MI than in WT-MI.
Increase in fibrosis was not different between the two MI groups. The increase in myocyte circumference
was higher in the hKO-MI group (p , 0.001 v WT-MI). The number of apoptotic myocytes was
significantly higher in hKO-MI than in WT-MI mice (p , 0.005) three days after MI. The number of
necrotic myocytes was not different between the two MI groups.
Conclusion: b1 integrins are crucial in post-MI remodelling with effects on LV function, hypertrophy and
apoptosis.

M
yocardial infarction (MI) is one of the major causes of
death in patients with heart failure, due either to left
ventricular (LV) enlargement or to systolic dysfunc-

tion. Cardiac myocyte loss due to apoptosis is proposed to be
a major factor in the pathogenesis of cardiac disease.1

Apoptosis occurs in the heart during MI and heart failure
in humans and in animal models.1 2

Integrins, a family of ab heterodimeric cell surface
receptors, link the extracellular matrix proteins and the
intracellular cytoskeleton.3 4 Integrins have an important role
in the regulation of gene expression, cell proliferation,
differentiation, migration, apoptosis and cardiac myocyte
hypertrophy.4 5 Cardiac myocytes predominantly express b1
integrins.6 b1 integrins serve as mechanotransducers during
normal development and in response to physiological and
pathophysiological signals.7 Expression of b1 integrins
increases in the heart after MI.8 Disruption of b1 integrin
function in murine myocardium, by expression of a chimeric
molecule encoding the transmembrane and extracellular
domains of the Tac subunit of the interleukin 2 receptor
fused to the cytoplasmic domain of b(1A) integrin (Tacb1A),
leads to an increased hypertrophic response with reduced
basal contractility and relaxation.9 By using Cre-LoxP
technology to inactivate the b1 integrin gene, Shai et al10

observed that b1 integrin knockout mice were intolerant to
pressure overload imposed by seven days of transverse aortic
constriction. Evan’s blue dye staining indicated disruption of
cardiac myocyte membrane integrity in the b1 integrin
knockout mice. These studies provide evidence that b1
integrins have an important role in the development of
cardiomyopathies. The potential role of b1 integrins in post-
MI remodelling has not yet been studied.

Recently, our laboratory has shown that stimulation of b1
integrins inhibits b adrenergic receptor-stimulated apoptosis
in adult rat ventricular myocytes.11 This study was under-
taken to investigate the role of b1 integrins in modulating
post-MI remodelling with respect to physiological function,
hypertrophy and apoptosis.

METHODS
Vertebrate animals
All experiments conform to the protocols approved by the
Institutional Animal Care and Use Committee. Heterozygous
knockout (hKO) mice for b1 integrins and wild-type (WT)
mice were from Jackson Research Laboratory (Bar Harbor,
Maine, USA) and are of 129xblack Swiss hybrid background.
We are using hKO mice because b1 integrin homozygous
mice die of inner cell mass failure and peri-implantation
lethality.12

Age-matched mice (four months) were subjected to MI by
coronary artery ligation as described previously.13 The left
anterior descending coronary artery was ligated about 3 mm
below the tip of the left auricle. Mice in the sham group
underwent the same procedure except for ligation of the left
anterior descending artery. Pulmonary fluid accumulation
was measured as a ratio of lung wet weight to dry weight.

Abbreviations: %FS, percentage fractional shortening; hKO,
heterozygous knockout; ISOL, in situ oligo ligation; IVRT, isovolumic
relaxation time; KH, Krebs–Henseleit; LV, left ventricular; LVEDD, left
ventricular end diastolic diameter; LVESD, left ventricular end systolic
diameter; MI, myocardial infarction; Tacb1A, Tac subunit of the
interleukin 2 receptor fused to the cytoplasmic domain of b1A integrin;
TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end
labelling; WT, wild type
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Echocardiography
Transthoracic two-dimensional M mode echocardiograms
and pulsed wave Doppler spectral tracings were obtained
with a Toshiba Aplio 80 Imaging System (Tochigi, Japan)
equipped with a 12 MHz linear transducer.
Echocardiographic studies were performed before and one
month after MI on mice anaesthetised with a mixture of
isoflurane 1.5% and oxygen 0.5 l/min. The body temperature
was maintained at about 37 C̊ with a heating pad. M mode
tracings were used to measure LV wall thickness, end systolic
diameter (LVESD) and end diastolic diameter (LVEDD).
Percentage fractional shortening (%FS) was calculated as
described.14 Doppler tracings of mitral and aortic flow were
acquired from the apical four-chamber view. These tracings
were used to measure peak velocity of the early ventricular
filling (E wave); peak velocity of the late ventricular filling (A
wave); peak E:A ratio; and isovolumic relaxation time (IVRT;
measured from the aortic valve closure to the mitral valve
opening).

Langendorff preparation
After one month of infarction, Langendorff perfusion was
carried out by the method described earlier.13 The heart was
retroperfused with an oxygenated, normothermic Krebs–
Henseleit (KH) buffer ((in mmol/l) NaCl 118, NaHCO3 25,
KCl 4.75, MgSO4 1.2, KH2PO4 1.2, CaCl2 1.9 and glucose 11.9)
at a constant perfusion pressure of 70 mm Hg. A small fluid-
filled balloon was placed in the LV and was progressively
filled in 5 ml increments to establish LV systolic and diastolic
pressure–volume relationships.

Analyses
The hearts were arrested in diastole and perfusion fixed with
10% buffered formalin. Hearts were weighed, cut into three
slices (apex, mid-LV and base) and embedded in paraffin.
Masson’s trichrome-stained tissue sections were analysed for
morphometry including infarct size and myocyte circumfer-
ence with Bioquant image analysis software (Nashville,
Tennessee, USA). Infarct size was determined in a manner
similar to that of Pfeffer et al.15

Tissue lysates were prepared from the non-infarcted LV
area with ice-cold radioimmunoprecipitation assay buffer
(158 mM NaCl, 10 mM Tris HCl, pH 7.2, 1 mM EGTA, 1 mM
sodium orthovanadate, 0.1% sodium dodecyl sulphate, 1.0%
Triton X-100, 1% sodium deoxycholate and 1 mM phenyl-
methylsulphonyl fluoride). Proteins (50 mg) were electro-
phoresed and analysed with monoclonal anti-b1 integrin
antibodies (1:2500, Transduction Lab, San Jose, California,
USA) as described.11 Equal protein loading in each lane was
verified with anti-actin antibodies.

The sections (4 mm thick), rehydrated and quenched with
3% hydrogen peroxide, were blocked with 1% goat serum for
1 h and incubated with polyclonal anti-b1 integrin antibodies
(1:100) (Santa Cruz Biotechnology) for 1 h at 37 C̊ in a
humidified chamber. The sections were then incubated with
secondary antibody (goat anti-rabbit IgG–horseradish perox-
idase conjugate, Santa Cruz Biotechnology) for 45 min at
37 C̊. The sections were counterstained with haematoxylin
and visualised by a microscope (Nikon, Tokyo, Japan).

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labelling (TUNEL) was carried out on 4 mm thick
sections according to the manufacturer’s instructions (Cell
death detection assay; Roche, Indianapolis, Indiana, USA)
and cardiac myocytes were identified with a sarcomeric actin
antibodies (1:50; 5C5 clone; Sigma Chemicals, St Louis,
Missouri, USA). Hoechst 33258 (10 mmol/l) staining was
used to count the total number of nuclei. Sections were
visualised by confocal microscopy (Nikon). The index of

apoptosis was calculated as the percentage of apoptotic
myocyte nuclei in the total number of nuclei.

Apoptosis in the non-infarct area was confirmed by in situ
oligo ligation (ISOL) assay according to the manufacturer’s
instructions (Intergen, Purchase, New York, USA). Hoechst
33258 (10 mM) staining was used to count the total number
of nuclei. Apoptosis is expressed as the percentage of ISOL-
positive myocyte nuclei in the total number of nuclei.

After Langendorff perfusion analysis, the hearts were
perfused with 0.1% Evan’s blue dye (Sigma Chemicals) in
KH buffer for 15 min.16 The hearts were then perfused for
5 min with KH buffer to wash away excess dye. Frozen
sections (5 mm) were stained with Hoechst 33258 to count
the total number of nuclei. Sections were visualised by
fluorescent microscopy. The number of necrotic myocytes in
the non-infarct LV region was calculated as the percentage of
Evan’s blue dye-positive myocytes in the total number of
nuclei.

Statistical analyses
Data are presented as mean (SE). Data were analysed by
Student’s t tests or one-way analysis of variance and a post
hoc Tukey’s test. Probability values of p , 0.05 were
considered to be significant.

Figure 1 (A) Western blot analysis of b1 integrin in the heart after
myocardial infarction (MI). Total left ventricular (LV) lysates, prepared
from non-infarct LV three days after MI, were analysed with anti-b1
integrin antibodies. The upper band (about 130 kDa) is intact b1
integrin. Equal loading of proteins in each lane is indicated by actin
immunostaining. hKO, heterozygous knockout; WT, wild type. (B) Cross
sections of hearts, 30 days after MI, immunostained with anti-b1 integrin
antibodies. Arrows indicate positive staining for b1 integrins in cardiac
myocytes.
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RESULTS
Expression of b1 integrins in the heart after MI
Western blot analysis showed lower levels of intact b1
integrins in the myocardium of hKO-sham group than in
WT-sham (WT-sham, 1.0 (0.02); hKO-sham, 0.62 (0.09);
p , 0.05, n = 5). The levels of intact b1 integrins were
increased in both MI groups three days after MI (fig 1A) but
the increase in b1 integrin was significantly higher in WT-MI
than in hKO-MI (fold increase v WT-sham: WT-MI, 1.51
(0.05); hKO-MI, 0.84 (0.07); p , 0.05, n = 5). Western blot
analysis showed the presence of an about 64 kDa b1 integrin
immunoreactive band. The identity and significance of this
band is unknown. It may be the extracellular domain of b1
integrin in the extracellular environment.
Immunohistochemical analysis showed low basal staining
for b1 integrins in both WT-sham and hKO-sham hearts
(fig 1B). Immunoreactivity for b1 integrins in the heart was
increased one month after MI. Most of the increased staining
for b1 integrins was detected in cardiac myocytes. The
number of cardiac myocytes exhibiting increased b1 integrin
expression, however, appeared lower in hKO-MI hearts than
in WT-MI hearts.

MI and morphometric studies
The MI size was about 20% (percentage of the LV
circumference) and was not different between the WT-MI
and hKO-MI groups (NS) (table 1). The heart weight to body
weight ratio was increased in the hKO-MI group (p , 0.01 v
hKO-sham; p , 0.05 v WT-MI) (table 1). The lung wet
weight to dry weight ratio was greater in the hKO-MI group,
but not in WT-MI mice, than in their respective shams
(p , 0.05 v hKO-sham; p = 0.01 v WT-MI) (table 1). There
was a trend towards greater fibrosis in the hKO-MI group
than in WT-MI, but the difference was not significant.
Myocyte size was increased in both WT and hKO hearts after
MI (p , 0.001 v sham) (table 1). This increase was
significantly higher in hKO-MI hearts than in WT-MI hearts
(p , 0.001 v WT-MI).

Echocardiographic measurements
LVESD, LVEDD and %FS did not differ between the WT-
sham and hKO-sham groups. After one month of MI, LVESD
and LVEDD were significantly increased and %FS was
significantly decreased in both MI groups (fig 2, table 2).
Interestingly, the increase in LVESD and LVEDD, and the
decrease in %FS was significantly higher in hKO-MI group
than in WT-MI (p , 0.05 v WT-MI group). Heart rates were
not significantly different among the sham or MI groups.
Doppler measurements (fig 2, table 2) showed increased peak
E:A ratio in both MI groups with no significant difference
between the two MI groups. The IVRT was increased in both
MI groups, but the increase in IVRT was significantly higher
in hKO-MI group than in WT-MI (p , 0.05 v WT-MI).

LV pressure–volume relationships
Langendorff perfusion analysis indicated no differences in
the LV developed pressure and LV end diastolic pressure–
volume relationship between the two sham groups (fig 3). LV
developed pressure–volume relationship shifted downward in
both groups after MI (p , 0.005, WT-MI v WT-sham;
p , 0.001, hKO-MI v hKO-sham) (fig 3A). Interestingly,
the downward shift was significantly higher in the hKO-MI
group than in the WT-MI group (p , 0.001 v WT-MI)
(fig 3A). The maximum LV developed pressure was depressed
to a greater extent in hKO-MI group than in WT-MI (hKO-
MI, 36.7 (2.2) mm Hg; WT-MI, 53.4 (1.9) mm Hg;
p , 0.001). The LV end diastolic pressure–volume relation-
ship shifted rightward in both the MI groups (p , 0.05, WT-
MI v WT-sham; p , 0.01, hKO-MI v hKO-sham) (fig 3B), but
the shift was significantly higher in the hKO-MI group than
in WT-MI (p , 0.05 at volumes . 35 ml) (fig 3B).

Apoptosis and necrosis
MI increased cardiac myocyte apoptosis in the non-infarct
area of both WT and hKO groups as measured with TUNEL
staining (fig 4A–C). The number of apoptotic myocytes
(calculated as the percentage of apoptotic myocyte nuclei in
the total number of nuclei) was significantly higher in the
hKO group three days after MI (p , 0.005 v WT-MI) (fig 4G).
The number of apoptotic myocytes was also higher in the MI
groups 30 days after MI than in the sham groups (percentage
apoptosis: WT-sham, 1.2; hKO-sham, 1.0; WT-MI, 10.1
(p , 0.05 v sham); hKO-MI, 10.4 (p , 0.05 v sham)), but
myocyte apoptosis was not significantly different between
the two MI groups. Similarly, the number of ISOL-positive
cardiac myocytes was significantly higher in the hKO-MI
group three days after MI (percentage apoptosis: WT-sham,
1.35; hKO-sham, 1.5; WT-MI, 3.87 (p , 0.05 v sham); hKO-
MI, 8.32 (p , 0.05 v sham, p , 0.05 v WT-MI)). ISOL assay
showed no significant difference between the two MI groups
30 days after MI (data not shown). The number of apoptotic
myocytes did not differ significantly by TUNEL staining
versus ISOL assay.

The two sham groups exhibited only a few necrotic
myocytes. At three days after MI, the number of necrotic
myocytes was increased in both the MI groups (p , 0.05 v
shams) (fig 4D–F) with no significant difference between the
MI groups. Overall, the number of necrotic myocytes
remained , 0.8% in both the MI groups, which is much
lower than apoptosis (fig 4G). The number of necrotic
myocytes was not different among the groups 30 days after
MI (not shown).

DISCUSSION
The important finding of this study is that the deficiency of
b1 integrins increases myocardial dysfunction with increased
LV dilatation, reduced %FS and increased IVRT 30 days after
MI. MI increased hypertrophy, fibrosis and apoptosis in both

Table 1 Morphometric measurements

Parameter
WT-sham
(n = 9)

hKO-sham
(n = 9) WT-MI (n = 8)* hKO-MI (n = 9)* p Value

Infarct size (%LV circumference) – – 19.80 (0.99) 20.94 (0.95) NS
Lung wet:dry weight (mg/mg) 4.69 (0.12) 4.71 (0.11) 4.60 (0.15) 5.17 (0.13)�` ,0.05�; 0.01`

HW:BW (mg/g) 6.50 (0.34) 6.40 (0.30) 7.17 (0.72) 9.78 (0.91)�`
,0.01�;
,0.05`

Fibrosis (pixels) 0.31 (0.08) 0.30 (0.13) 21.09 (4.71)� 26.42 (6.25)� ,0.001�
Myocyte size (mm) 89.86 (2.06) 89.83 (2.99) 125.63 (1.91)� 175.48 (4.48)�` ,0.001�`

Values are mean (SE).
*Except for fibrosis, where n = 4 in wild type (WT) myocardial infarction (MI) and n = 5 in heterozygous knockout
(hKO) -MI; �versus sham; `versus WT-MI.
HW:BW, heart weight to body weight ratio; LV, left ventricular.
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WT and b1 integrin-deficient mice; however, the increase in
hypertrophy and apoptosis was significantly higher in b1
integrin-deficient mice.

Cardiac myocytes predominantly express b1 integrins.
Integrins are suggested to have an important role as
mechanotransducers in cardiac cells.7 By using western blot
analysis, we observed about a 38% decrease in b1 integrin
expression in hKO mice as compared with WT at the basal
level. Levels of b1 integrin protein were increased in the non-
infarcted LV regions of both WT and hKO mice three days
after MI. The levels of b1 integrin protein after MI, however,
continued to be higher in the WT than in hKO mice.
Immunohistochemical analysis showed increased b1 integrin
expression in cardiac myocytes 30 days after MI. It is

interesting to note that not all the cardiac myocytes exhibit
increased expression of b1 integrins. The number of cardiac
myocytes exhibiting increased expression of b1 integrins
appears lower in the hKO-MI mice than in WT-MI.
Previously, expression of b1 integrin was shown to be
increased in rat hearts three and seven days after MI.8 The
increase in b1 integrin expression was mainly observed in the
areas of peri-infarct, and infarct with b1D integrin expression
associated with cardiac myocytes.8 Our findings of increased
b1 integrin in the cardiac myocytes are consistent with
previous findings in the rat heart.8 However, we observed
increased b1 integrin expression in the non-infarcted portion
of the heart. The difference may be due to the difference in
the size of the infarct or the age of the animals.

Figure 2 (A, B, C) M mode echocardiographic images obtained from wild type (WT) -sham, WT-myocardial infarction (MI) and heterozygous
knockout (hKO) -MI hearts one month after MI, respectively. (D, E, F) Doppler tracings obtained from WT-sham, WT-MI and hKO-MI hearts one month
after MI, respectively. n = 5 in each group. A, peak velocity of the late ventricular filling (A wave); E, peak velocity of the early ventricular filling
(E wave); LVEDD, left ventricular end diastolic diameter.

Table 2 Echocardiographic measurements

Parameter
WT-sham
(n = 5)

hKO-sham
(n = 5) WT-MI (n = 5) hKO-MI (n = 5) p Value

M mode
LVEDD (mm) 4.13 (0.23) 4.05 (0.20) 5.52 (0.11)* 6.40 (0.26)*� ,0.001*; ,0.05�
LVESD (mm) 3.10 (0.20) 3.18 (0.23) 4.58 (0.17)* 5.69 (0.28)*� ,0.001*; ,0.01�
%FS 25.13 (1.99) 21.73 (2.43) 17.11 (1.84)* 11.14 (1.36)*� ,0.05*; ,0.05�
HR (beats/min) 376 (18.66) 369 (8.53) 375 (15.74) 346 (6.33) NS

Doppler
Peak E (cm/s) 67.12 (4.00) 71.45 (3.43) 68.39 (2.86) 59.97 (1.54)* ,0.05*
Peak A (cm/s) 49.73 (5.22) 52.57 (5.21) 33.00 (1.45)* 27.79 (2.37)* ,0.05*
E:A ratio 1.38 (0.06) 1.41 (0.09) 2.09 (0.11)* 2.22 (0.18)* ,0.01*
IVRT (ms) 13.45 (2.40) 13.90 (2.43) 28.20 (2.65)* 36.25 (2.27)*� ,0.05*; ,0.05�

Values are mean (SE).
*versus sham; �versus wild type (WT) -myocardial infarction (MI).
%FS, percentage fractional shortening; hKO, heterozygous knockout; HR, heart rate; IVRT, isovolumic relaxation
time; LVEDD, left ventricular end diastolic diameter; LVESD, left ventricular end systolic diameter.
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Perinatal lethality and fibrosis has been reported in
transgenic mice in which normal b1 integrin function was
disrupted in cardiac myocytes by expression of a chimeric
molecule, encoding the transmembrane and extracellular
domains of the Tacb1A .9 The surviving lines with the highest
transgene expression developed compensatory hypertrophy
in the absence of any provoked haemodynamic stimulus.
Basal contractility and relaxation was reduced in other
surviving lines with less transgene expression. In the present
study, measurement of LV systolic and diastolic functions by
echocardiography or Langendorff perfusion analysis showed
no change in LV structure or function between the two sham
groups. Possible reasons for these contrasting findings are the
method of preparation of transgenic mice and levels of
transgene and b1 integrin expression. Furthermore, Tacb1A is
suggested to function as a dominant negative inhibitor of b1
integrin function in some, but not all, aspects of cell
attachment and spreading.17 Cardiac-specific excision of the
b1 integrin gene with Cre-LoxP technology induced sponta-
neous heart failure in 6-month-old mice.9 These animals had
a . 80% decrease in b1D integrin protein in the heart
compared with WT mice. The decrease in b1 integrin
expression in hKO mice used in our studies is about 38%.

The hKO mice did not exhibit signs of cardiac dysfunction
during the observation period (about 5 months old).
Chimeric mice as well as embryoid bodies constructed from
b1 integrin-null cells showed that b1 integrin is necessary for
differentiation and maintenance of a specialised phenotype
of cardiac muscle cells.18 Taken together, these observations
suggest that varied levels of b1 integrin have different effects
on normal heart development and function.

Heart failure is characterised by systolic and diastolic
dysfunction caused by reduced LV contractile function and
dilatation. Echocardiography is shown to be a valid approach
to evaluate LV structure and function in vivo in mice.14 19 20

MI is suggested to be associated with depressed systolic
function.13 14 20 LV systolic dysfunction is associated with
chamber dilatation.13 Echocardiographic evaluation of the
heart one month after MI indicated greater LV diameters and
lower %FS in hKO mice than in WT. Impaired LV relaxation
has been associated with reduced early to late diastolic
transmitral Doppler flow velocity ratios (that is, decreased
E:A ratio), prolonged IVRT and prolonged E wave decelera-
tion times.21 Doppler tracings of mitral and aortic flow from
the apical four-chamber view showed an increased E:A wave
ratio and IVRT one month after MI, indicating that MI
impairs LV relaxation. The increase in IVRT was significantly
higher in hKO mice than in WT after MI. Functional analysis
of the heart by the Langendorff perfusion technique
confirmed the above observations. LV systolic function, as
reflected by maximum LV developed pressure, was depressed
to a greater extent in the hKO mice. The rightward shift in LV
end diastolic pressure–volume relationship was significantly
greater in b1 integrin-deficient mice. Taken together, the
structural and functional analyses of the heart suggest that
deficiency of b1 integrin impairs cardiac function after MI.

Hypertrophy can result from mechanical stress on the heart
from pressure or volume loading, as well as cardiac myocyte
death. Ventricular hypertrophy is an important adaptive
mechanism that allows the heart to maintain its output.10 MI
is suggested to be associated with compensatory hypertrophy
of the non-infarcted myocardium.22 b1 integrins participate in
the hypertrophic response of cardiac myocytes.5 23 We
observed a trend towards greater heart weight to body
weight ratio in the WT-MI group than in WT-sham, but this
increase was significantly higher in the hKO mice. Likewise,
cardiac myocyte cross-sectional area increased in both MI
groups. The increase in myocyte cross-sectional area was
significantly higher in hKO mice. The reasons for increased
cardiac hypertrophy in hKO mice are not clear, considering
that integrins are suggested to function as mechanotransdu-
cers, translating mechanical signals to biochemical sig-
nals.24 25 One likely possibility is that deficiency of b1
integrin may alter the expression of other integrin subunits.
Although b1 isoform is the dominant b integrin subunit,
cardiac myocytes also express a1, a3, a5, a7, a9, a10, b3 and
b5 subunits. Chronic pressure overload increases expression
of a1, a5, a7, b1 and b3 integrin subunits.5 The expression of
these subunits may also be altered in hKO mice after MI.
Alterations in the expression of one or more integrin subunits
can alter heterodimer formation leading to altered signalling
and hypertrophy.

Cardiac myocyte apoptosis increases in the infarct and peri-
infarct areas and to a smaller extent in the non-infarcted
areas of the heart after MI.26 27 We observed increased cardiac
myocyte apoptosis in the non-infarcted LV region, but the
increase in the number of apoptotic cardiac myocytes was
significantly higher in hKO mice, specifically three days after
MI. This is consistent with the in vitro findings that the b1
integrin signalling pathway has an anti-apoptotic role.11 The
data presented in fig 1 suggest increased expression of b1
integrins in both MI groups, with higher levels of b1 integrins
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Figure 3 (A) Analysis of left ventricular developed pressure (LVDP)
versus volume. LVDP decreased significantly for a given volume in the
heterozygous knockout (hKO) -myocardial infarction (MI) group.
*p , 0.005 wild type (WT) -MI v WT-sham; *p , 0.001 hKO-MI v
hKO-sham; �p , 0.001 hKO-MI v WT-MI. (B) Analysis of left
ventricular end diastolic pressure (LVEDP) –volume relationships. WT-MI
and especially hKO-MI groups shifted rightward from sham. *p , 0.05
WT-MI v WT-sham; *p , 0.01 hKO-MI v hKO-sham; �p , 0.05 hKO-
MI v WT-MI. n = 8 in each group.
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in WT-MI than in hKO-MI mice, therefore possibly exerting
more protective effects in WT-MI hearts. In the present study,
apoptosis was the major form of myocardial cell death, rather
than necrosis.28 Myocyte membrane integrity (an indication
of necrosis) as determined by Evan’s blue dye staining was
disrupted to a similar extent in both MI groups. Evan’s blue
dye staining was evident in about 0.8% of total nuclei, which
was far less than the number of apoptotic cells. The
myocardium of WT mice contained more apoptotic myocytes
one month after MI than three days after MI. Sun et al8

reported that after MI, the expression of b1 integrin was
significantly increased at day 3, reached a peak at day 7, and
gradually declined thereafter at 14 and 28 days. We observed
increased b1 integrin levels in some, but not all, cardiac
myocytes one month after MI, suggesting that an appropriate
increase in b1 integrin may be necessary to maintain cell
survival. Also, apoptosis is suggested to be ongoing during
MI, and removal of apoptotic debris by phagocytosis may be
rate limiting in the heart, resulting in the accumulation of
apoptotic markers.27 The available apoptosis detection assays
therefore possibly detect one population of myocytes at
multiple time points. b1 integrins are involved in the
anchorage of cells to the extracellular matrix and loss of
attachment to extracellular matrix causes apoptosis (called

anoikis) in many cell types, including myocytes.29 30 The
possibility of anoikis as a mechanism of cell death subse-
quently leading to remodelling during heart failure in the
present model cannot be ruled out.29

Our data suggest that b1 integrins are crucial in post-MI
remodelling with effects on LV function, hypertrophy and
apoptosis. We emphasise, however, that we obtained our data
on cardiac dysfunction, apoptosis and hypertrophy in a
smaller infarct model. Further work is under way to study the
role of b1 integrins in post-MI cardiac remodelling in a bigger
infarct (about 40%).
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Figure 4 Apoptosis and necrosis after
myocardial infarction (MI). (A–C)
Confocal microscopic images of the
heart to detect cardiac myocyte
apoptosis three days after MI with
terminal deoxynucleotidyl transferase-
mediated dUTP nick end labelling
(TUNEL) staining assay. Green
fluorescence shows apoptotic cells and
red stain indicates staining for a
sarcomeric actin, specific for cardiac
myocytes. hKO, heterozygous
knockout; WT, wild type. (D–F)
Fluorescent images obtained from
Evan’s blue (EB) dye-perfused hearts
three days after MI. Red fluorescence
indicates necrotic cells and blue
fluorescence indicates Hoechst-stained
nuclei in the same field (total cell nuclei).
(G) Quantitative analysis of cardiac
myocyte apoptosis and necrosis three
days after MI. *p , 0.001 hKO-MI v
hKO-sham; *p , 0.005 WT-MI v WT-
sham; �p , 0.005 hKO-MI v WT-MI;
n = 6 in each group for TUNEL (white
bars). *p , 0.05 MI v sham; n = 3 in
each group for EB staining (grey bars).
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Skinfold thickness, body mass index, and fatal coronary heart disease: 30 year
follow up of the Northwick Park heart study
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Study objective: To examine the effect of baseline body mass index (BMI) and skinfold
thickness (ST) on fatal coronary heart disease (CHD) and all cause mortality after 30 years
of follow up.

Design: Prospective cohort study.

Setting: Northwick Park heart study (NPHS) designed to investigate the role of
haemostatic variables on CHD.

Participants: 1511 men and 691 women enrolled in NPHS aged 40 to 64 years at entry.

Main results: Baseline BMI (kg/m2) and forearm, triceps, subscapular, and suprailiac
skinfolds ST (mm) were measured. Cox regression was used to calculate hazard ratios for
fatal CHD and total mortality for each standard deviation unit increase in obesity adjusting
for age, smoking status, total cholesterol, systolic blood pressure, fibrinogen, and factor VII
activity. Subjects experienced 250 fatal CHDs and 819 all cause deaths over 30 years
(median: 26 years; IQR: 22–28 years). Among men, only BMI (RR = 1.29, 95%CI = 1.12 to
1.49) significantly increased the risk of fatal CHD. Among women, BMI (RR = 1.48,
95%CI = 1.07 to 2.06), as well as, subscapular (RR = 1.65, 95%CI = 1.19 to 2.30), forearm
(RR = 1.46, 95%CI = 1.08 to 1.97), and triceps (RR = 1.63, 95%CI = 1.12 to 2.39) skinfolds
were predictive of fatal CHD. None of the estimates for all cause mortality were significant
except for subscapular skinfold in women (RR = 1.20, 95%CI = 1.02 to 1.42). There was no
evidence of interaction between obesity and sex for fatal CHD or all cause death. The effect
of obesity on fatal CHD or all cause deaths does not seem to be mediated substantially by
cholesterol, systolic blood pressure, or haemostatic variables.

Conclusions: BMI is an important risk factor for fatal CHD where its prognostic
significance remains after up to 30 years of follow up.
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